Diabetic rats • Sema3A • β-catenin • Insulin-like growth factor-1 (IGF) • Peroxisome proliferatoractivated receptor γ (PPAR γ) • Cathepsin K Abstract Purpose: Increasing evidence supported that semaphorin 3A (Sema3A), insulin-like growth factor (IGF)-1 and β-catenin were involved in the development of osteoporosis and diabetes. This study is aimed to evaluate whether Sema3A/IGF-1/β-catenin is directly involved in the alterations of bone microarchitecture and bone strength of diabetic rats. Methods: Diabetic rats were induced by streptozotocin and high fat diet exposure. Bone microarchitecture and strength in the femurs were evaluated by micro-CT scanning, three-point bending examination and the stainings of HE, alizarin red S and safranin O/fast green, respectively. The alterations of lumbar spines microarchitecture were also determined by micro-CT scanning. Western blot and immunohistochemical analyses were used to examine the expression of Sema3A, β-catenin, IGF-1, peroxisome proliferator-activated receptor γ (PPARγ) and cathepsin K in rat tibias. Results: Diabetic rats exhibited decreased trabecular numbers and bone formation, but an increased trabecular separation in the femurs and lumbar spines. Moreover, the increased bone fragility and decreased bone stiffness were evident in the femurs of diabetic rats. Diabetic rats also exhibited a pronounced bone phenotype which manifested by decreased expression of Sema3A, IGF-1 and β-catenin, as well as increased expression of cathepsin K and PPARγ. Conclusions: This study suggests that diabetes could perturb bone loss through the Sema3A/IGF-1/β-catenin pathway. Sema3A deficiency in bone may contribute to upregulation of PPARγ and cathepsin K expression, which further disrupts bone remodeling in diabetic rats.
Introduction
Diabetic osteoporosis is a chronic bone metabolic disease induced by diabetes mellitus (DM), and characterized by increased risk of osteoporotic fracture and deterioration of bone microarchitecture [1, 2] . In the past decades, the incidence of diabetic osteoporosis is increasing with the epidemic spread of diabetes worldwide [2] . Hyperglycemia may negatively affect bone metabolism through disrupting the delicate balance between osteoblastogenesis and osteoclastogenesis [3] . In addition, DM also increases adipogenesis in the bone marrow, and further expands the marrow cavity and narrows the cortical envelope [3, 4] . Moreover, in postmenopausal women with type 2 DM, decreased serum level of IGF-1 are positively associated with vertebral fractures [5] . Meanwhile, the activity of cathepsin K, a marker of bone resorption, is increased in diabetic rats [6] as well as in diabetic postmenopausal woman [7] . Furthermore, the relative abundance of PPARγ expression in metabolic disorders promotes mesenchymal stem cells differentiation into adipocytes at the cost of osteoblasts [8] [9] [10] .
Semaphorin 3A (Sema3A), originally identified as an axonal guidance chemorepellent with an essential role in neuronal development and regeneration following injury [11] , has been reported to act as a local regulator of bone remodeling through promoting bone formation by inducing osteoblast differentiation via the stimulation of the canonical Wnt/β-catenin signaling pathway, and inhibiting bone resorption via suppressing RANKLinduced osteoclast differentiation through the inhibition of immunoreceptor tyrosine-based activation motif signals [12] [13] [14] [15] . Thus, increasing the expression of Sema3A contributes to the regeneration of bone defects and titanium implant fixations in ovariectomized (OVX) animals [16, 17] as well as the improvement of osseointegeration in type 2 DM rats [18] . However, whether Sema3A and the associated proteins of β-catenin and IGF-1 are involved in alterations of bone microstructure and strength of diabetic rats remains unclear.
Therefore, in the current study we attempted to investigate the expression of Sema3A, β-catenin and IGF-1 in the bones of streptozotocin (STZ) and high fat diet (HFD) induced diabetic rats, and as well as its related alterations in bone microarchitecture and biomechanical strength. The results demonstrated that Sema3A expression was significantly decreased which may be associated with irregular bone microarchitecture and reduced bone quality. Meanwhile, the expression of β-catenin and IGF-1 was decreased, and the expression of cathepsin K and PPARγ was increased in the bones of diabetic rats. The results suggest that diabetes may disturb the bone metabolism through regulation of the Sema3A/IGF-1/β-catenin signaling pathway.
Materials and Methods

Chemicals and antibodies
Alizarin red S, Safranin O and fast green were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against IGF-1 (sc-9013) and Sema3A (sc-28867) were from Santa Cruz Biotechnology (Dallas, TX, USA). Antibodies against β-catenin (9562S) and phosphor-β-catenin (9561) were purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies against cathepsin K antibody (ab19027) and PPARγ (ab191407) were purchased from Abcam (Cambridge, UK). All the chemicals, except specially identified, were obtained from Sino pharm Beijing Chemical Reagents Co. Ltd (Beijing, China).
Animal models establishment 6 to 8 weeks old female SD rats (220 ± 10 g) were purchased from China Huafukang Animal Technology Co. Ltd. (License No.: SCXK (Beijing) 2011-0004, Beijing, China). The animals were housed at clean level conditions (certification number SCXK (Jing) 2011-0024) at Beijing University of Chinese Medicine (BUCM) with the temperature of 22 ± 1℃, humidity of 55 ± 5%, and a 12 h light/dark cycle. All rats were allowed free access to tap water and food. The study protocol was approved by the animal care committee of BUCM, China.
After one week of acclimation, the rats were divided into two groups, normal control group and diabetic group. The rats in the diabetic group were fed with HFD (20% sucrose, 2.5% cholesterol, 10% lard, 1% sodium cholic acid, and 66.5% (w/w) standard chow) for one month. Then STZ (30 mg/kg) were intraperitoneally injected into the rats for once. Three days after injection, 10 of the SD rats, whose blood glucose values reached 11.1 mM or higher, were selected as the diabetic model group and followed by HFD feeding for additional two months. The same numbers of rats in the control group were fed with the normal diet. The rats in both groups had free access to the tap water and food. After three months of administration, all rats were anesthetized with pentobarbital sodium (1% sodium pentobarbital, 0.4 ml/100 g, i.p.). The bilateral femurs and tibias were harvested and stored at −80 ℃ for further analyses.
The stainings of hematoxylin/eosin (HE), alizarin red S and safranin O/fast green
The right femurs of rats were first immersed in 10% neutral formalin for 72 h and then decalcified in 15% neutral EDTA buffer for three months. The decalcified femurs were defatted and dehydrated with xylene and graded ethanol (50%-100%), and embedded in paraffin. Sections of approximately 4 μm thickness were used for the stainings of HE, alizarin red S and safranin O/fast green. HE staining was conducted according to routine protocol [19] .
Alizarin red S staining was performed according to the following procedure. Briefly, the dehydrated slides were stained with alizarin red S solution for 2 min. Then the slides were quickly dipped into acetone and acetone xylene (50/50), each for 20 s, respectively.
Safranin O/fast green staining was performed as follows. Briefly, the dehydrated slides were stained with hematoxylin solution for 5 min and differentiated with 1% HCl-EtOH for 2 dips, then sequentially stained with 0.05% fast green for 5 min and 0.1% safrain O for 5 min.
After staining, the mounted slides were observed and photographed using an Olympus BX53 fluorescence microscope (Tokyo, Japan). The tissue sections were evaluated for microarchitectural changes, including the structure and morphology of trabecular bone, lipid droplets, and the thickness of the epiphyseal plate. The relative interest of density (IOD) values of alizarin red S staining and safranin O/fast green staining were quantified using the Image Pro Plus 6.0 software.
Micro-computed tomography (micro-CT) scanning
Cone-beam x-ray micro-CT (μCT; Viva CT40, Scanco medical AG, Switzerland) was used to take micro-CT images of left femurs (0.5 cm below the femoral head) and second lumbar vertebrae. Parameters for bone content, bone microstructure, and structure mode were measured sequentially. Three-dimensional images were constructed and analyzed based on the micro-CT images using a GE Healthcare MicroView software application. The measured parameters included trabecular number (Tb.N), trabecular thickness (Tb.Th), structure model index (SMI), connectivity density (Conn.D), trabecular separation (Tb.Sp), and bone volume per trabecular bone volume (BV/TV).
Bone biomechanic strength assay
After scanning, the left femur was taken for three point bending examination by electronic universal testing machine (Shenzhen Reger Instrument Co. Ltd., Model RGWF4005, China). The shaft of the femur was fixed between two supporting points, with a distance of 20 mm. A load was vertically applied to the femoral midshaft, with a displacement speed of 0.01 mm/s at 100 Hz until the femoral shaft is fractured. The ultimate load, bending strength, and elastic modulus of the femurs were recorded.
Immunohistochemical (IHC) staining
5 μm longitudinal sections of the paraffin embedded femurs were kept at 60 ℃ for 24 h in the oven and then followed by deparaffinzing with xylene and hydrating with an ethanol gradient (100%-70%). After successively incubating with antigen retrieval solution (Shanghai ShunBai Biotechnology Company; Shanghai, China) and 3% H 2 O 2 for 30 min, the slides were rinsed and incubated with the primary antibody For negative controls, the primary antibodies were replaced by non-immunized serum. The next day, the slides were rinsed and incubated with the corresponding secondary antibody (Beijing Biosynthesis Biotechnology Co. Ltd.; Beijing, China) for 30 min followed by DAB and hematoxylin staining, respectively. The slides were then examined and photographed using an Olympus BX53 fluorescence microscope. The DAB staining was analyzed by Image Pro Plus 6.0 software and expressed as IOD value.
Western blot
After the tibias and femurs were crushed in liquid nitrogen, the protein was extracted using the bone tissue protein extraction kit (Shanghai BestBio Science Biotechnology; Shanghai, China). 80 μg of the protein sample was loaded into 10% or 15% of SDS-PAGE gel and transferred onto nitrocellulose blotting membrane. Afterwards, the nitrocellulose membrane was blocked with 5% non-fat dry milk and incubated with the appropriate primary antibody [SEMA3A (1:500), IGF-1 (1:1000), β-catenin (1:1000), phosphor-β-catenin (1:1000), PPARγ (1:1000) and cathepsin K (1:1000)], followed by the corresponding secondary antibody. Then, the signal was visualized with high-sensitivity ECL luminous liquid and the images were captured using the Azure Bioimaging system (Azure C500; California, USA). The gray values of the blots were quantified using the Image Pro Plus 6.0 software, and normalized with the blots of corresponding β-actin (1:5000) as the internal control.
Statistical analysis
All results were expressed as mean ± standard deviation (SD). One way ANOVA was performed between groups using Prism 6.0 (GraphPad, La Jolla, USA) when homogeneity of variance and normality were met. Otherwise, Dunnett's T3 and nonparametric tests were conducted, respectively. A p-value of less than 0.05 was set as statistical significance.
Results
The alterations of fasting blood glucose levels in diabetic rats
After 3 months of treatment, the fasting blood glucose levels were measured by a glucometer. The glycaemia in the diabetic group rats (20.21 ± 0.92 mmol/L) was significantly higher than that in the normal control group (4.558 ± 0.19 mmol/L) (p < 0.05), suggesting that the rats exposed to STZ and HFD had a diabetic phenotype.
Pathological bone morphology alterations in diabetic rats
As shown in Fig. 1A , HE staining revealed a dense and regular meshwork of trabecular bone in the femurs of control rats. In contrast, the trabecular bone in the femurs of diabetic rats became thinner and irregular, and displayed a loss of regular mesh structure. Furthermore, the lipid droplets were much more evident in the proximal femurs in diabetic rats than in control rats. Fig. 1 . Diabetes impeded bone formation and strength in rat femurs. (A) HE staining showed that the trabecular bone became thinner and loss of regular mesh structure in diabetic rats. (B) Safranin O/fast green staining showed that the thickness of glycosaminoglycans (GAGs, red color) was decreased in the bones of diabetic rats. Alizarin red S staining (C) and its analyses (D) showed that the distribution and area of calcified nodules (yellow arrow) were significantly decreased in the femurs of diabetic rats. Three-point bending examination results of the ultimate load (E), bending strength (F), and elastic modulus (G) showed that bone fragility was increased, and bone stiffness was decreased in the femurs of diabetic rats. Data are presented as mean ± SD. *p < 0.05 compared with NC. NC denotes the control rats, DM denotes diabetic rats, N=9.
Glycosaminoglycans (GAGs) are naturally-occurring carbohydrates found in cartilage which bind to hydroxyapatite and contribute to osteoblast differentiation [20] [21] [22] . To further observe the pathological changes, the stainings of safranin O/fast green and alizarin red S were used to examine the epiphyseal structure in femoral heads and osteoblastic differentiation. As shown in Fig. 1B , the red color represents the staining of GAGs by safranin O. The thickness of cartilage adjacent to the growth plate was reduced in the femoral heads of diabetic rats when compared to that of the control group, showing that diabetes may impede osteoblast differentiation and bone formation.
During osteoblast differentiation, calcium ions are precipitated as calcium salts, which react with alizarin red S and produce deep red "calcified nodules" in the bone. The area of calcified nodules reflects the activation of osteoblasts and bone formation rate [23] . As shown in Figs. 1C and D, the distribution and extent of calcified nodules were even in the femurs of control rats. In diabetic rats, the area of calcified nodules (IOD value) was significantly decreased and calcified nodules became scantly distributed (p<0.05). These results indicated that bone mineralization was reduced in diabetic rats.
The alterations of bone biomechanical properties in diabetic rats
As shown in Figs. 1 E to 1G, three-point bending examination demonstrated that the ultimate load, bending strength and elastic modulus were significantly reduced in the femurs of diabetic rats when compared with that of control rats (p<0.05). The results indicated that bone fragility was markedly increased, and bone stiffness was decreased when diabetes was induced in rats. 
Microstructure changes in the bones of diabetic rats
As shown in Figs. 2 and 3 , micro-CT images of the femur and lumbar spine (L2) and the analyses revealed that diabetes was associated with deficits in trabecular bone microarchitecture in the femurs, such as manifested in decreased BV/TV, Tb.N, Tb.Th and Conn.D, along with increased trabecular spacing (Tb.Sp; p < 0.05) and changes in trabecular shape (SMI; p < 0.05). These results suggested that DM insults produced a significant reduction of bone structural strength and stiffness in the bones of diabetic rats.
The expression of Sema3A in the bones of diabetic rats
Since Sema3A contributes to bone remodeling and is deficient in osteoporosis, we subsequently examined the expression of Sema3A by IHC staining and western blot. As illustrated in Figs. 4A and B, the IHC staining intensity of Sema3A in the bones of diabetic rats was dramatically decreased compared to that of the control group (p<0.05). Western 
The expression of IGF-1 and β-catenin in the bones of diabetic rats
As it is known that Sema3A activates β-catenin signaling pathway [24] and IGF-1 is associated with the development of osteoporosis and β-catenin activation [5] , we then determined the expression of β-catenin and IGF-1 in the bones of diabetic rats by IHC staining and western blot. As shown in Fig. 5 , the expression of β-catenin and IGF-1 in the bones of diabetic rats was markedly decreased in comparison with that in the tibias of control rats (p<0.05). Further, the relative expression of phosphor-β-catenin to β-catenin was significantly increased in the tibias of diabetic rats. The results suggested that lack of Sema3A could further inhibit the expression of β-catenin and IGF-1 in the bones of diabetic rats.
The expression of PPARγ and cathepsin K in the bones of diabetic rats
Because PPARγ promotes mesenchymal stem cells differentiation into adipocytes rather than osteoblasts [25] , and increased expression of cathepsin K contributes to osteoclast activation [19] , we examined the expression of PPARγ and cathepsin K in diabetic rats. IHC staining results (Figs. 6A to 6D) showed that the expression of PPARγ and cathepsin K was significantly enhanced in the cortical bones of proximal femurs in diabetic rats, when compared to the rats in the control group. These results were also verified by western blot (Figs. 6E to 6G) .
Discussion
In the current study, we found the following alterations in the bones of diabetic rats. First, there is a decrease in trabecular number and volume, as well as bone formation and mineralization, and an increase in trabecular separation in the femur and lumbar spine (L2). Accordingly, the bone fragility is significantly increased and bone stiffness is decreased. Second, Sema3A expression is significantly reduced. Last but not the least, the expression of β-catenin and IGF-1 is decreased, whereas the expression of PPARγ and cathepsin K is increased. An increasing number of studies have investigated the involvement of Sema3A in the development of diabetes and osteoporosis. Sema3A is implicated in the development of osteoporosis through regulation of bone metabolism by removal of mineralized bone and inhibition of the formation of new bone [13] . To further explore the role of Sema3A in bone remodeling, Li et al. used Sema3A embedded in matrigel to implant into the metaphysis of proximal tibias in OVX rats [17] . They found that Sema3A beneficially contributed to bone volume, bone-to-implant contact ratio and the maximal push-out force by improving periimplant bone implant, osseointegration and fixation. Similarly, Ma et al. demonstrated that naringin, the main active constituent of citrus fruits, improved bone development through increasing Sema3A expression and regulation of Wnt/β-catenin signaling [26, 27] . Clinically, Sema3A and its receptor plexin A2 is positively associated with osteocalcin [28] and BMD [29] in postmenopausal women. However, it should be stated that Sema3A may promote the development of diabetic nephropathy [30] . In addition, Fang et al. showed that Sema3A contributed to osteogenic differentiation and improved osseointegration in HFD and STZ induced diabetic rats [18] . Our results are consistent with these previous reports that Sem3A expression is deceased in the bones of diabetic rats, which is associated with disorganized bone microstructures and increased fracture risk.
It has been demonstrated that Sema3A mediates bone protective effects through regulation of the β-catenin signaling pathway [12] . Sema3A binds to Nrp1 and subsequent activates the Wnt/β-catenin signaling pathway which further induces osteoblast differentiation in bone formation [31] . In addition, Sema3A induces cell migration, proliferation, and odontoblastic differentiation of dental pulp stem cells, and promotes reparative dentin formation through increasing β-catenin nuclear accumulation via canonical Wnt/β-catenin signaling [32] . Meanwhile, inhibition of β-catenin expression suppresses Sema3A signaling [24] . Persistent oxidative stress in diabetes impairs bone formation through inhibition of β-catenin signaling [33] . In the current study, we found that β-catenin expression in tibias and femurs in diabetic rats was significantly reduced as shown by IHC staining and western blot compared to the control animals. In conjunction with our finding of a reduction of Sema3A expression in diabetic bones and the investigations from other laboratories, the results indicate that diabetes may accelerate bone loss through inhibiting the Sema3A/β-catenin signaling pathway. Down-regulation of Sema3A and subsequent inactivation of Wnt/β-catenin signaling may be one of the underlying mechanisms involved in the development of diabetic rats.
In the current study, we demonstrate that the expression of β-catenin and IGF-1 is decreased in the bones of diabetic rats which contributes to the loss of trabecular bone resulting in decreased bone stiffness and increased bone fragility. IGF-1, highly expressed in osteoblast and chondrocytes [34] , exhibits its bone anabolic effect through promoting osteoblasts differentiation and bone mineralization [35] . Deficiency of IGF-1 in the course of diabetes may contribute to skeletal abnormalities and lead to impaired bone formation, and increased bone fragility [36] . Clinically, serum level of IGF-1 is positively associated with increased bone mass [37] and inversely associated with the number of vertebral fractures in postmenopausal women with T2DM [5, 38] . In addition, IGF-1 could enhance the stability of β-catenin in the bone and conditional disruption of IGF-1 in osteocytes blocks β-catenin expression triggered by mechanical loading. IGF-1 stimulates β-catenin signaling through inhibition of glycogen synthase kinase-3β [39] , while inhibition of β-catenin suppresses IGF-1 stimulates cell proliferation and survival [40] . These experimental results suggest that Sema3A prevents bone loss via increasing expression of IGF-1 and β-catenin, and diabetes affects bone mass and quality through disturbing the Sema3A/IGF-1/β-catenin pathway.
PPARγ controls bone turnover and its activation not only suppresses bone formation but also increases bone resorption [41] . In type 1 diabetes mice, PPARγ increases bone marrow adiposity and decreases osteocalcin expression [25] . Increased expression of PPARγ negatively affects osteoblast differentiation in aging mice with diabetes which may be associated with low bone turnover and acceleration of bone loss [42] . The PPARγ agonists, rosiglitazone and GW1929, could increase osteoclastogenesis through enhancement of cathepsin K and tartrate-resistant acid phosphatase expressions in bone marrow-derived macrophages [43] . Conversely, inhibition of cathepsin K also down-regulates PPARγ expression in HFD-induced mice [44] . In addition, β-catenin activation enhances osteoblastogenesis and suppresses adipogenesis by inhibiting PPARγ expression [45] . Further, PPARγ also down-regulates IGF-1 expression, which further prevents osteoblast function and promotes osteoporosis [46] . Here, we demonstrate that the expression of PPARγ and cathepsin K is increased in diabetic rats which are associated with the acceleration of bone loss.
However, some limitations should be noted in the current study. Firstly, rats exposed to STZ and HFD results in a reduction of Sema3A and cathepsin K overexpression. Cathepsin K is not only involved in enhancing bone resorption, but also implicated in adipogenesis and glucose metabolism [47] . Inhibition of cathepsin K reduces body weight gain and glycaemia in HFD insulted rats [44, 47] . In the current study, we found that diabetes may potentiate cathepsin K expression. Moreover, cathepsin K deficiency in mice is associated with a marked decrease in differentiated astrocytes and learning and memory deficits [48] . Sema3A is also positively involved in the regulation of the central and peripheral nervous systems. However, whether Sema3A has a direct influence on the expression of cathepsin K and the subsequent inhibition of osteoclast function still need to be further studied. Secondly, BMD values were very scattered in the bone of diabetic rats (data not shown). In type 1 diabetes, BMD values were reported to decrease [49] . However, in type 2 diabetes, BMD values were very unconclusive [50] . The reason for the discrepancy may be owed to differences in inclusion criteria, variations of diabetic complications and limited sample sizes. Moreover, bone fragility and microarchitecture may contribute to fracture risk independent of BMD in the course of diabetes.
In summary, our results demonstrate that Sema3A expression is decreased in bones of diabetic rats, which was accompanied by decreased expression of IGF-1 and β-catenin expression as well as increased expression of cathepsin K and PPARγ (Fig. 7) . We demonstrated for the first time that diabetes may perturb bone loss through Sema3A/IGF-1/β-catenin signaling pathway. Further studies should be undertaken to provide additional information concerning the mechanism of Sema3A involvement in the development of diabetic osteoporosis.
